
P

D
D

a

A
R
R
A
A

K
T
I
M
B
M
F

1

c
m
c
t
t
o
1

b
i
t
E
m

(
(

v

v

0
d

Ecological Modelling 222 (2011) 3568– 3576

Contents lists available at SciVerse ScienceDirect

Ecological  Modelling

jo u r n al hom ep age : www.elsev ier .com/ locate /eco lmodel

redicting  intertidal  organism  temperatures  with  modified  land  surface  models

avid  S.  Wethey ∗, Lindsay  D.  Brin1, Brian  Helmuth, K.A.S.  Mislan2

epartment of Biological Sciences, University of South Carolina, 715 Sumter Street, Columbia, SC 29208, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 February 2011
eceived in revised form 19 August 2011
ccepted 22 August 2011
vailable online 28 September 2011

eywords:
emperature
ntertidal

ussel
iophysics

a  b  s  t  r  a  c  t

Animals  and  plants  in  the  marine  intertidal  zone  live  at the  interface  between  terrestrial  and  marine
environments.  This  zone  is likely  to be  a sensitive  indicator  of the  effects  of climate  change  in coastal
ecosystems,  because  of several  key  characteristics  including  steep  environmental  gradients,  rapid  tem-
perature  changes  during  tide  transitions,  fierce  competition  for limited  space,  and  a community  of  mostly
sessile  organisms.  Here  we describe  a  modular  modeling  approach  using  modifications  to  a  meteorolog-
ical  land  surface  model  to determine  body  temperatures  of the  ecologically  dominant  rocky  intertidal
mussel  Mytilus  californianus,  as  a tool  that  can be used  as  a  proxy  for ecological  performance.  We  validate
model  results  against  in  situ  measurements  made  with  biomimetic  body  temperature  sensors.  Model
predictions  lie within  the range  of  variability  of  biomimetic  measurements,  based  on  observations  over
a 4-year  period  at sites  along  1700  km  of the US  west  coast  from  southern  California  (34.5◦N)  to  northern

◦
eteorology
orecasting

Washington  (48.4 N).  Our  modular  approach  can  be easily  applied  to  many  situations  in the  intertidal
zone,  including  bare  rock,  mussel,  barnacle,  and  algal  beds,  salt-marsh  grasses,  and  sand-  and  mud-flats,
by modifying  the  “vegetation  layer”  in  a  standard  meteorological  land  surface  model.  Biophysical  models
such  as  these,  which  link  ecological  processes  to  changing  climates  through  predictions  of  body  temper-
ature,  are  essential  for understanding  biogeographic  patterns  of physiological  stress  and  mortality  risk.
. Introduction

To predict ecological and biodiversity responses to climate
hange, it is essential to integrate ecological processes into climate
odels. Here we show how coupled biological and climate models

an be used to explore ecological questions in the marine inter-
idal zone, which has long served as a model system for studying
he interactive effects of physical and biotic processes on patterns
f abundance, biodiversity and ecosystem function (e.g. Connell,
961; Lewis, 1964; Paine, 1966).

The marine intertidal ecosystem, situated at the interface
etween the land and ocean, has steep environmental gradients

n climate variables that resemble altitudinal gradients in the

errestrial environment, but which occur on the scale of <10 m.
nvironmental gradients in the marine intertidal zone are deter-
ined by the duration and timing of exposure to atmospheric
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conditions, which are controlled by the movement of the tides. Dur-
ing low tide (atmospheric conditions), marine intertidal organisms
experience extremes in body temperature, which can be impor-
tant determinants of local and geographic distribution patterns (e.g.
Southward, 1958; Wethey, 2002; Wethey et al., 2011; Williams
et al., 2005). Due to the steepness of the desiccation and tem-
perature gradients, intertidal organisms often live close to their
physiological limits (e.g. Foster, 1969, 1971; Jones et al., 2009, 2010;
Wolcott, 1973) and are likely to be sensitive to relatively minor
changes in terrestrial climate (Gilman et al., 2006; Somero, 2002).

The regional climate projections in the Fourth Assessment
Report by the Intergovernmental Panel on Climate Change show
that in Western North America, a region that supports a diversity of
intertidal organisms (Morris et al., 1980), there will ‘very likely’ be
more frequent heat waves with longer duration and greater inten-
sity by the end of the 21st century, a finding that was  consistent
across 21 Atmosphere-Ocean General Circulation Models (Beniston
et al., 2007; Christensen et al., 2007). As a result, predicting patterns
of aerial body temperature in coastal ecosystems is of pressing con-
cern if we are to predict how changes in terrestrial climate are likely
to affect this ecosystem.
Historically, heat and mass budget models of individual organ-
isms have been the standard for modeling organism temperatures
(e.g. Bell, 1995; Buckley, 2008; Gates, 1980; Helmuth, 1998;
Kearney and Porter, 2004; Miller et al., 2009; Tracy, 1976). These
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Noah Land Surface Model

Remove Roots

Add Rock Substrate

Insert Mussel Laye r as a New  Vegetation  Type

Albedo = 0.1
Emissivity = 0.8
Thermal Conductivity =  Water
Grain Size = Small Stones
Hydraulic Slope = 1
Roughness Height= 8 mm
Layer Height = 8 cm

Add Ocean Height and  Temperatu re

Noah Mussel Model
D.S. Wethey et al. / Ecological M

ne-of-a-kind models have been very successful in linking mete-
rological conditions to body temperatures of organisms in both
errestrial and aquatic environments. These studies demonstrated
hat there are strong effects of body temperatures on local distribu-
ion (Bell, 1995; Miller et al., 2009), biogeography (Buckley, 2008;
earney and Porter, 2004), and ecological performance (Gates,
980; Tracy, 1976). In the intertidal zone, previous workers have
sed biophysical methods to develop one-of-a-kind models for

ntertidal mussels (Helmuth, 1998; Gilman et al., 2006; Finke et al.,
009), barnacles (Wethey, 2002), starfish (Szathmary et al., 2009),

impets (Miller et al., 2009), and algae (Bell, 1995). These models
ave confirmed the view that the intertidal zone has an extraor-
inary daily temperature range, and that intertidal organisms are
enerally living close to their physiological limits. Despite their
uccesses, these models are not transferable to other species or
abitats without considerable programming effort. They were writ-
en for specific organisms and environments, and cannot be easily

odified to model different organisms in different habitats. This
aper describes the first attempt to build a generic intertidal model
hat can easily be converted from one type of organism to another
s is routinely done in meteorological land surface models.

Here we describe a modular approach to modeling organismal
emperatures, based on modifications to the “vegetation layer” of

 meteorological land surface model, which is used operationally
or the US National Weather Service forecasts (Ek et al., 2003). We
sed this modular model to determine the body temperature of
ocky intertidal mussels in the genus Mytilus. We  focused on this
cological dominant because, like the trees of terrestrial forests,
ytilus mussel species control the dynamics of the rest of the

ommunity (e.g. Paine, 1966, 1974). Permanent residents of the
ntertidal ecosystem, including mussels, are ectotherms, meaning
hat body temperature is determined by heat exchange with the
xternal environment. Because of this, there is a tight link between
ody temperature and ecology. Survival rates, metabolic rates, and
emographic rates are all strongly influenced by body temperature
Bayne et al., 1976; Bayne and Worrall, 1980; Jones et al., 2009,
010; Widdows and Bayne, 1971). Therefore, body temperature can
erve as a proxy for ecological performance.

By modifying the operational model, we  took advantage of
ecades of sophisticated modeling and validation (e.g. Ek et al.,
003), and, by making minor changes to the original software, we
pplied the underlying physical processes to an ecologically sensi-
ive habitat. We  used weather station data or outputs of standard
eather and climate simulations as forcing variables, with the addi-

ion of data on ocean immersion times (because of the tide) and
ea surface temperature. We  validated model results against in situ
emperature measurements made using biomimetic sensors that

imic  the thermal characteristics of living mussels. We  also com-
ared results against an earlier one-of-a kind heat budget model
hat we developed de novo to estimate the body temperatures of

ussels (Gilman et al., 2006).
We carried out this analysis as a demonstration that biologically

elevant temperature models for many situations in the intertidal
one, including bare rock surfaces, mussel beds, barnacle beds, algal
eds, salt-marsh grass beds, sandflats, and mudflats, can be rapidly
eveloped from standard meteorological land surface models by
reating new “vegetation types” with appropriate physical proper-
ies.

. Model development

.1. Organisms
The model organism chosen for this analysis was the marine
ussel Mytilus californianus, a marine bivalve mollusk that

ttaches to intertidal rock surfaces with byssus threads. The shells
Fig. 1. Conceptual diagram showing the modifications made to the NOAH Land
Surface model for ecological studies of marine intertidal mussel species.

are typically black, although when eroded, they become lighter in
color. These animals are sedentary and form extensive aggrega-
tions or beds that cover much of the intertidal surface, and they
competitively exclude most other sessile species (Paine, 1974). M.
californianus has an upper thermal limit of approximately 38 ◦C
(Denny et al., 2011), and experiences heat stress at 30 ◦C, as indi-
cated by expression of heat shock proteins (Helmuth and Hofmann,
2001). At 26 ◦C it suffers a metabolic deficit during low tide (Bayne
et al., 1976). Its body temperature at high tide is equal to sea surface
temperature, and at low tide its body temperature exceeds air
temperature often by 10 ◦C or more (Helmuth and Hofmann, 2001).

2.2. General model structure

We  based our intertidal model on the NOAH land surface
model (NOAH LSM) (Chen and Dudhia, 2001; Ek et al., 2003), a 1-
dimensional model which includes radiative exchanges between
the sky and ground, as well as convective, evaporative, and con-
ductive heat exchange, and hydrology, and is used as the land
component of atmospheric models and reanalysis products by the
US National Weather Service (Ek et al., 2003; Mesinger et al., 2006;
Saha et al., 2010). The NOAH LSM includes a vegetation layer
that determines evapotranspiration rates, as well as heat transfer
between the atmosphere and the land surface.

2.3. NOAH Mussel Model

In constructing the NOAH Mussel Model, we modified the NOAH
LSM in several minor ways. In order to simulate temperatures of
intertidal mussel beds, we created a new “vegetation type” with
the heat and mass transfer characteristics of mussels (measured by
Helmuth, 1998), and an underlying solid rock substratum (Fig. 1).
Since intertidal animals do not carry out evapotranspiration, nor
do they have roots for water transport, these characteristics were
removed from the new “vegetation type”. It was necessary to allow
periodic flooding of the surface by the rising and falling tide and by
wave splash, so sea surface temperature was  added as input to the
model along with an indicator to distinguish the times when the
surface was  exposed to atmospheric conditions or submerged. All
of the physics in the NOAH LSM were left intact; only these physical
properties of the intertidal mussel bed on rock were introduced (a
conceptual diagram of the process is shown in Fig. 1, and a summary
of differences among the models is in Table 1):
(1) For rocky intertidal surfaces, the porous soil layers were
replaced with impermeable granite layers (Table 1).

(2) The top soil layers were replaced with layers that had the heat
transfer characteristics of mussels, including a black color (an
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Table 1
Summary of differences among models.

NOAH Mussel (this paper) NOAH LSM (Ek et al., 2003) Gilman et al. (2006)

Vegetation Mussel bed Bare soil Mussel bed
Roots None None None
Albedo 0.1 0.1 0.1
Longwave emissivity 0.8 1.0 0.75
Roughness height 0.008 0.011 0.008
Vegetation thermal conductivity Water Soil Water
Vegetation specific heat Water Soil Water
Soil  type Stone Soil Stone
Submergence by tide Yes No Yes
Water drainage Hydraulic slope Hydraulic slope Instantaneous
Surface evaporation Nonlinear Nonlinear Linear
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Passive convection Yes 

Number of layers 20 

Depth of bottom layer 133 cm

albedo of 0.1), a long-wave emissivity of 0.80, specific heat and
thermal conductivity equivalent to water, a grain size equiva-
lent to small stones, a hydraulic slope of 1.0, and a roughness
height of 8 mm (Table 1). Since the albedo and thermal conduc-
tivity are derived from the physical properties of black calcium
carbonate shells and fully hydrated animal tissue respectively,
they are unlikely to vary spatially or temporally. Because the
mussel M.  californianus frequently forms beds at least 8 cm
deep, the mussel layer was considered to be 8 cm thick. The
roughness height (z0) of 8 mm was calculated as 0.1× mus-
sel height, a standard meteorological approximation (Hansen,
1993).

3) The mussel layers and the top rock layer were flooded with
water at high tide, at a temperature of sea surface temperature
(SST).

Mussel simulations used 20 layers over a total depth of 133 cm;
here were 8 1-cm thick mussel layers, 2 1-cm thick rock layers,
ollowed by rock layers of thickness 3 cm,  5 cm,  15 cm,  and 5 rock
ayers of 20 cm thickness. The NOAH LSM allows a maximum of 20
oil layers. The distribution of thicknesses was chosen to provide at
east 8 layers within the mussel bed itself, where the steepest tem-
erature gradients occur. The deepest rock layer depth was chosen
o that its temperature changed only seasonally. Output data were
aved at 30 min  intervals. Preserving the architecture of the NOAH
SM (Mitchell, 2005), parameter changes were made via configu-
ation files, so that the model did not need to be re-compiled. In the
uture, the flexibility to make parameter changes via configuration
les will make it possible to easily switch among organisms and
ubstratum types for a range of ecological studies.

.4. Model intercomparison

In order to evaluate model performance, we  compared the
OAH Mussel Model results to results from both the NOAH LSM
nd the Gilman et al. (2006) model which is a representative one-
f-a-kind model of mussel beds. The NOAH LSM includes neither
he biophysical properties (e.g. thermal conductivity, specific heat)
f mussel beds, nor the influence of ocean immersion. In our model
ntercomparison tests with the NOAH LSM, we used a black unveg-
tated soil with an albedo of 0.1, the same as used for the NOAH
ussel Model. Emissivity and roughness height are not adjustable

n the NOAH LSM, so the long wave emissivity and roughness
eight were not identical to those used in the NOAH Mussel Model
Table 1). The NOAH LSM had permeable soil throughout, whereas

he NOAH Mussel Model had impermeable granite rock layers. We
xpected extreme deviations of the NOAH LSM from observations
hen the data loggers were submerged at high tide because it

acked the influence of the ocean component.
Yes No
20 50
133 cm 50 cm

The Gilman et al. (2006) model is a 1-dimensional model of heat
transport through 50 1-cm layers representing 8 cm of mussels and
42 cm of underlying rock, with periodic submersion by the tide. The
surface emissivity was 0.75, compared to 0.8 in the NOAH Mussel
Model (Table 1). Surface albedo, roughness height, thermal conduc-
tivity and specific heat were the same as the NOAH Mussel Model
(Table 1). This model made a simple linear approximation to sur-
face evaporation and did not include passive convection (Table 1).
This model will be referred to as the Gilman Model.

To assess the three models (NOAH Mussel Model, NOAH LSM,
and Gilman Model), all three models were forced with identical
environmental data as described in Section 2.5, and daily tempera-
ture trajectories from the models were compared to observational
data from mussel biomimics as described in Section 3.1.  The
NOAH Mussel Model and the Gilman Model both include the bio-
physical properties of mussel beds and submersion by the tides.
We therefore expected closer agreement between these models
and observations than between the NOAH LSM and observations.
Because the NOAH Mussel Model has a more complete description
of the physics of evaporation, convection and interstitial water flow
than the Gilman Model, we expected it to have the best agreement
with observations.

2.5. Forcing data

As input, we used weather data from six sites (Tatoosh
Island, Washington (48.39◦N, 124.74◦W),  Boiler Bay, Oregon
(44.83◦N, 124.05◦W),  Pacific Grove, California (36.62◦N, 121.90◦W),
Piedras Blancas, California (35.66◦N, 121.28◦W),  Lompoc, Califor-
nia (34.72◦N, 120.61◦W),  Alegria, California (34.47◦N, 120.28◦W))
over the period January 2000 to December 2004. Nine weather
variables (air temperature, wind speed, relative humidity, air pres-
sure, downwelling long- and short-wave radiation, precipitation
rate, sea surface temperature, ocean water height) were linearly
interpolated to 30 min  intervals over the five-year period.

At each geographic location, we used meteorological data (air
and sea surface temperature, wind speed, relative humidity, and
precipitation rate) from the nearest station available in the National
Climatic Data Center and National Data Buoy Center archives, and
short-wave solar radiation and cloud cover from the University of
Maryland Global Energy and Water Cycle Experiment (GEWEX)
archive (Pinker et al., 2003; see Gilman et al., 2006 for details).
Air pressure was estimated at a fixed value of 1013 h Pa, which is
mean value of air pressure at sea level (Monteith and Unsworth,
1990). Long wave radiation was derived from air temperature, rel-

ative humidity, and cloud cover (TVA, 1972; Idso, 1981) for easier
comparison with Gilman et al. (2006) who  calculated long wave
radiation in this way as part of their model runs. Ocean height was
estimated from a combination of water level, which was  simulated
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Fig. 2. Geographic comparison of daily observations and predictions. Values are
D.S. Wethey et al. / Ecological M

y the Xtide tide prediction software (Flater, 2010), and wave run-
p, which was calculated from offshore wave heights provided by
he National Data Buoy Center by using a regression method (Harley
nd Helmuth, 2003). These same forcing data were used for all
hree models (NOAH LSM, NOAH Mussel Model, Gilman Model).
he models were run without a spin-up period because the daily
ubmersion by the tide in the NOAH Mussel Model and Gilman
odel causes them to reach stability within 1–2 days.

. Model validation

.1. Observational data

Biomimetic data loggers (biomimics) were deployed in the cen-
er of the mussel bed at each of the sites (Fitzhenry et al., 2004). Each
iomimic consisted of a Tidbit temperature logger (Onset Com-
uter Corporation, Bourne, MA)  embedded in polyester resin of
imilar size, shape, and color to M.  californianus. There were usu-
lly three or more biomimics per site; numbers varied because of
nstrument loss due to storms. Topography in the rocky intertidal
cosystem is highly variable and microsites often have very large
ifferences in temperature as a result of differences in slope and ori-
ntation (Helmuth and Hofmann, 2001; Seabra et al., 2011; Wethey,
002). Biomimics were therefore placed in horizontal microsites in
n attempt to standardize for the effects of topography. Previous
omparisons of biomimics against living mussels have shown that
hese instruments record temperatures within approximately 2 ◦C
f living mussels (Fitzhenry et al., 2004).

.2. Statistics

We calculated error statistics for the deviations between model
nd observations, and among observations at each of the locations
n the US west coast where we had in situ observations. We  used
he mean error (ME) and root mean square error (RMSE) as mea-
ures of deviation of the model results from the mean of the in situ
iomimetic data logger observations. The ME  measured whether
he model trended overall warmer or cooler than observations.
he RMSE is a conservative measure of the absolute magnitude of
rror and was used to determine model precision. Linear regres-
ion analyses were used to determine the overall fit between model
esults and observations. All calculations were carried out in the R
tatistical language.

The rocky intertidal ecosystem is a highly variable environ-
ent, and biomimics concurrently deployed in different microsites

ecorded different temperatures from one another due to differ-
nces in topography and wave splash (2.19 ± 1.62 ◦C mean ± SD,
itzhenry et al., 2004). It is thus important to consider the amount of
ariability among the replicate observations at a site when assess-
ng a model because the deviation between the model and the mean
f the observational data may  fall within the range of variation of
he observational data. In order to account for environmental het-
rogeneity, we calculated the RMSE between the biomimic mean
nd each of the individual biomimics. Then the mean-individual
MSE were averaged for all the individual biomimics at a site. We
ompared the maximum of the RMSE among biomimics to the
MSE for the NOAH Mussel Model. This allowed us to determine
hether the model predictions were within the range of envi-

onmental variance of empirically measured temperature within
 sampling site. To estimate strength of the association between

he mean of the logger observations and the model predictions,
e undertook a linear regression analysis between the two, and

eported the slope, intercept, their standard errors, and the R2 for
he regressions.
means of biomimic observations (triangles) and NOAH Mussel Model predictions
(lines) of intertidal temperatures (◦C) at Boiler Bay, Oregon (top), and Alegria, Cali-
fornia (bottom).

4. Model results

Fig. 2 compares the NOAH Mussel Model temperatures to the
trajectories of mean biomimic temperature over a three day period
at two latitudinally separated sites, Alegria, California (34.47◦N)
and Boiler Bay, Oregon (44.83◦N). On a day to day basis there was
general agreement in the temperature trajectories for the NOAH
Mussel Model and the mean biomimic temperature (Fig. 2). Tem-
perature deviations between observations and model at high tide
are the result of differences between the forcing data (offshore sea
surface temperatures measured by buoys) and onshore sea surface
temperatures recorded by the biomimic loggers.

For the validation statistics, we only considered temperatures
from the low tide (terrestrial) phase because both the ocean height
and sea surface temperature were part of the common forcing
dataset and thus high tide results were identical for the NOAH
Mussel and Gilman Models. Table 2 shows the ME and RMSE of the
model temperature trajectories as compared to the mean biomimic
temperature trajectories. For all of the low tide (atmospheric con-
dition) NOAH Mussel Model temperatures, five of the six sites had
ME values that were within 1 ◦C of the mean biomimic tempera-
ture, and the sixth site had an ME  value of 1.19 ◦C. At Lompoc, one
of the two southernmost sites, the ME  indicates that model temper-

atures during low tide trajectories were on average <0.1 ◦C lower
than the mean biomimic temperature trajectories, whereas at the
other southern sites, ME  indicates that model temperatures during
low tide trajectories were <1 ◦C higher than the mean biomimic
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Table 2
Error statistics of the models relative to the mean biomimic temperature trajectories (ME = mean error, RMSE = root mean square error, n = number of observations). Upper
panel:  temperature trajectories during low tide, lower panel: daily maximum temperatures.

Low tide (atmospheric conditions)

NOAH Mussel NOAH LSM Gilman Model n

ME  RMSE ME RMSE ME  RMSE

Tatoosh Island 1.19 2.31 0.87 7.27 1.30 2.61 5542
Boiler  Bay 0.54 3.21 −1.81 7.33 0.55 3.44 6112
Pacific Grove 0.71 2.60 0.28 5.82 0.84 2.94 25,445
Piedras Blancas 0.82 2.92 2.36 11.33 0.82 3.39 12,191
Lompoc −0.06  2.47 −1.18 5.60 −0.09 2.94 7415
Alegria 0.42 3.97 −0.64 4.40 0.68 4.43 5299

Daily  maximum

NOAH Mussel NOAH LSM Gilman Model n

ME  RMSE ME RMSE ME  RMSE

Tatoosh Island −0.05 2.43 5.39 10.68 −0.20 2.79 285
Boiler  Bay −1.69 4.26 1.76 10.86 −2.06 4.49 429
Pacific Grove −0.13 3.11 5.13 8.07 −0.29 3.31 1344

t
w
a
c
a
f

F
N

Piedras Blancas −1.34 3.81 7.06 

Lompoc −2.14 4.50 5.84 

Alegria −3.03 5.13 4.58 

emperature trajectories (Table 2). The NOAH LSM, which was run
ithout ocean input or mussel thermal characteristics other than
lbedo, emissivity and roughness height, had low tide (atmospheric
onditions) ME  values closer to zero than the NOAH Mussel Model
t two of the sites, Tatoosh and Pacific Grove (Table 2). This result
or ME  of the NOAH LSM is likely due to seasonal errors that cancel

ig. 3. Seasonal comparison of observations and predictions at Pacific Grove, California. V
OAH  Mussel Model and of the NOAH terrestrial model in winter (January) and summer 
10.08 −1.85 4.01 1015
8.94 −2.68 4.84 654
8.72 −3.16 5.25 458

one another: too cold in winter and too warm in summer when the
timing of low tide (and biomimic emergence) did not coincide with

the coldest and hottest periods of the day (Fig. 3). The NOAH Mus-
sel Model had low tide (terrestrial) phase ME  values up to 0.21 ◦C
closer to zero and daily maximum ME  values 0.15–0.54 ◦C closer to
zero than the Gilman Model at all of the sites (Table 2). The NOAH

alues are means of biomimic observations (triangles) and predictions (lines) of the
(July).
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Table 3
Correlation statistics of model trajectories versus biomimetic data logger trajectories.

Tatoosh Island

R2 Intercept ± error Slope ± error df

NOAH Mussel 0.751 −1.56 ± 0.11 1.03 ± 0.008 5540
NOAH LSM 0.049 10.51 ± 0.11 0.13 ± 0.007 5540
Gilman Model 0.673 −1.43 ± 0.13 1.01 ± 0.009 5540

Boiler Bay

R2 Intercept ± error Slope ± error df

NOAH Mussel 0.705 −2.79 ± 0.14 1.16 ± 0.010 6110
NOAH LSM 0.144 9.62 ± 0.13 0.31 ± 0.010 6110
Gilman Model 0.672 −3.99 ± 0.16 1.25 ± 0.011 6110

Pacific Grove

R2 Intercept ± error Slope ± error df

NOAH Mussel 0.699 1.99 ± 0.05 0.82 ± 0.003 25,443
NOAH LSM 0.390 9.21 ± 0.05 0.36 ± 0.003 25,443
Gilman Model 0.612 2.21 ± 0.06 0.80 ± 0.004 25,443

Piedras Blancas

R2 Intercept ± error Slope ± error df

NOAH Mussel 0.686 −0.60 ± 0.10 0.99 ± 0.006 12,189
NOAH LSM 0.008 15.47 ± 0.09 −0.05 ± 0.005 12,189
Gilman Model 0.566 −0.99 ± 0.13 1.01 ± 0.008 12,189

Lompoc

R2 Intercept ± error Slope ± error df

NOAH Mussel 0.715 0.24 ± 0.11 0.99 ± 0.007 7413
NOAH LSM 0.467 9.09 ± 0.08 0.42 ± 0.005 7413
Gilman Model 0.596 −0.66 ± 0.15 1.05 ± 0.010 7413

Alegria

R2 Intercept ± error Slope ± error df

 ± 0.2
 ± 0.1
 ± 0.3
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NOAH Mussel 0.572 −5.02
NOAH LSM 0.558 5.60
Gilman Model 0.457 −4.58

ussel Model and Gilman Model had temperatures that were much
loser to field measurements than the NOAH LSM (∼1 ◦C for aver-
ge low tide error and up to 5 ◦C for daily maximum errors). Overall,
he NOAH Mussel Model underestimated daily maximum mussel
emperature by 2–3 ◦C in the south and by 0.1–1.7 ◦C in the north
Table 2). This result is similar to Ek et al. (2003) who  observed that
he NOAH LSM underestimated maximum air temperature at 2 m
y 1–4 ◦C.

The NOAH Mussel Model had the smallest low tide (terrestrial)
MSE at all six sites and the smallest daily max  RMSE at all six sites
Table 2). As predicted in Section 2.4,  errors in the Gilman Model
ere comparable, but slightly higher, than those exhibited by the
OAH Mussel Model (Table 2). The low tide RMSE in the NOAH Mus-

el Model were less than 3 ◦C at four of the six sites (Table 2), which
s better performance than that observed in terrestrial NOAH LSM
imulations where RMSE are typically between 3 and 4 ◦C (Hong
t al., 2009; Rosero et al., 2009). Table 3 shows the regression statis-
ics for all of the models versus biomimic observations. The NOAH

ussel Model had the highest R2 values of the three models, slightly
igher than the Gilman Model and markedly higher than the NOAH
SM. Ideal regressions of model predictions versus observations
ave a y-intercept of zero and a slope of one. The NOAH Mussel
odel and the Gilman Model were closer to the ideal result for all
ites than the NOAH LSM, and had similar y-intercepts and slopes
Table 3). At all sites, the biomimetic sensor observations and NOAH

ussel Model predictions were well correlated during the low tide
terrestrial) phase (Fig. 4).
7 1.27 ± 0.015 5297
5 0.69 ± 0.008 5297
3 1.22 ± 0.018 5297

Table 4 compares the biomimic temperatures from individual
microsites with the mean biomimic temperatures to determine
whether model predictions were within the range of among-
microsite variability. Typically, there was more variability, lower
R2, and higher RMSE at the lower latitude sites compared to the
higher latitude sites. By comparing the RMSE of the observational
data with NOAH Mussel Model RMSE, we  found that the model
RMSE was no more than 1.38 ◦C larger than the largest microsite
RMSE (Table 4). At Lompoc the model RMSE was  1.95 ◦C less than
the largest microsite RMSE (Table 4).

5. Discussion

Measuring and predicting the impacts of global climate change,
at a wide range of temporal and spatial scales, have emerged as
research priorities that span disciplines (e.g. Hansen et al., 2006;
Helmuth et al., 2006b; Lavergne et al., 2010; Parmesan, 2006;
Wethey et al., 2011). Predicting patterns of weather and climate is
complex; and while significant progress has been made at generat-
ing regional forecasts, predicting changes in weather and climate
at smaller scales remains difficult. Despite the large spatial scale of
weather and climate models, organisms actually experience only

the microclimate of their local environment (Kearney and Porter,
2004). For an intertidal organism such as a mussel, this “world
view” is thus on the order of centimeters to meters. Methods that
bridge the gap from large-scale atmospheric-scale processes to
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Fig. 4. Relation between NOAH Mussel Model predictions and mean biomimetic temperature observations. Dots are individual observations spaced by 30 min, solid lines
are  linear regressions, and dotted lines are 1:1 lines.

Table 4
Error statistics of NOAH Mussel Model compared to variability among biomimetic data loggers during low tide. Biomimic mean versus NOAH Mussel Model R2 is the
correlation statistic between the average of the data loggers and the model predictions at the same times of day. Among biomimic RMSE is the average deviation of the
individual biomimetic data loggers from the logger average. Maximum biomimic RMSE is the RMSE from the logger that deviated the most from the logger mean. NOAH
Mussel  Model RMSE is the deviation of the model predictions at low tide from the logger means at the same times of day.

Biomimic mean versus
NOAH Mussel Model R2

(mean ± SD)

Among biomimic RMSE
(mean ± SD)

Maximum
biomimic RMSE

NOAH Mussel
Model RMSE

Tatoosh Island 0.951 ± 0.041 1.10 ± 0.44 1.73 2.31
Boiler Bay 0.941 ± 0.028 1.79 ± 0.14 2.00 3.21
Pacific Grove 0.904 ± 0.025 1.50 ± 0.22 1.79 2.60

 0.26 

 1.12 

 0.49 

t
a

v
B

Piedras Blancas 0.889 ± 0.033 1.55 ±
Lompoc 0.826 ± 0.061 2.82 ±
Alegria 0.896 ±  0.071 1.87 ±

hose at the local scale of the organism are therefore vital if we

re to model the ecological impacts of climate change.

Prior workers have used heat and mass budget models of indi-
idual organisms in order to model organism temperatures (e.g.
ell, 1995; Buckley, 2008; Gates, 1980; Helmuth, 1998; Kearney
1.87 2.92
4.42 2.47
2.59 3.97

and Porter, 2004; Miller et al., 2009; Tracy, 1976). However, as this

study demonstrates, it is possible to estimate organismal body tem-
peratures of broadscale space-occupiers or bed-forming species by
transforming land surface models, which calculate mass, heat, and
momentum fluxes between the atmosphere and the ground. By
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aking into account the effects of different kinds of soil, plant and
nimal cover for additional organisms, one can obtain comparable
esults to organism-specific heat budget models such as Gilman et
l. (2006) (Tables 2–4). In models of the intertidal zone, the ocean
omponent was particularly important, and was one of the pri-
ary reasons that the NOAH LSM produced high RMSE and low R2

alues when compared to biomimic observations (Tables 2 and 3,
ig. 3). Both the NOAH Mussel Model and the Gilman Model pre-
icted mussel temperatures for the entire low tide (atmospheric
onditions) phase better than for the daily maximum mussel tem-
eratures (Table 2). This was expected because pinpointing a single
oint such as a daily maximum is a much more difficult task than
etermining overall trajectories. Table 2 shows that the NOAH Mus-
el Model RMSE for the daily maxima was <1.16 ◦C above the RMSE
or the low tide phase for all the sites except for Lompoc, which we
ound to be acceptable considering the difficulties in determining
his statistic. This low tide RMSE is lower than the typical mid-
ay surface temperature RMSE values of 3–4 ◦C observed with the
OAH LSM in the North American Land Data Assimilation System

Mitchell et al., 2004), indicating that the NOAH Mussel Model per-
orms well compared to its terrestrial counterpart. The ability to
etermine daily maxima using models such as the NOAH Mussel
odel will be critical for predicting the impacts of future climate

hange on intertidal communities because this measure can be used
o determine when mussel physiological tolerance thresholds are
xceeded.

Biomimic observations of mussel temperatures were essential
or verifying these models, but have their own sources of variability.
n general, the intertidal environment is subject to extreme tem-
erature heterogeneity due to variations in small-scale topography
nd timing of submergence (Wethey, 2002; Denny et al., 2011), and
ven though replicate biomimics were placed in seemingly similar
icrohabitats, there were still average deviations in the repli-

ate observations among biomimics ranging from 1.10 to 2.64 ◦C,
ith maximum microsite deviations ranging from 1.87 to 4.42 ◦C

Table 4). Also, biomimics were occasionally overgrown by bar-
acles and surrounding mussels, which may  have impacted their
bservations relative to other replicates. The largest observation-
ased microsite RMSE values were between 63 and 75% of the
agnitude of the model RMSE at all sites except Lompoc (Table 4),

ndicating that microsite variation accounts for 63–75% of model
MSE. Among-biomimic RMSE was particularly high in Lompoc and
he largest observation-based microsite RMSE was180% of model
MSE (Table 4). This high microsite variability at Lompoc may
xplain the difference in the NOAH Mussel Model RMSE for the
ow tide (atmospheric conditions) phase versus the daily maximum
Table 2).

Because we treated large-scale space occupiers as “vegetation”
ayers, the model is easily modified to simulate other kinds of
rganisms like barnacles, by changing readily measurable param-
ters such as surface albedo, biological layer thickness, and surface
oughness scale (Jones et al., personal communication). The model
as also been used to simulate heat transport in intertidal sand
ats, by using unvegetated sand layers instead of rocky substrata
Woodin et al., 2010). The model architecture allows these modifi-
ations to be made at run-time via configuration files, so that the
odel does not need to be re-compiled in order to change among

ubstrata or organisms (Mitchell, 2005). By taking into account the
D geometry of solar radiation on surfaces of arbitrary slope and
rientation (e.g. Gates, 1980; Miller et al., 2009; Wethey, 2002),
and surface models can also be used in topographically complex
nvironments.
The ability to predict the body temperatures of a broad range
f intertidal species is essential for our understanding the mech-
nisms responsible for biological responses to climate change.
ntertidal ecosystems are likely to be particularly sensitive to
ing 222 (2011) 3568– 3576 3575

changes in climate because many intertidal organisms live close
to their tolerance limits (Foster, 1969; Somero, 2002; Southward,
1958). Land surface models, as shown here, can be used retro-
spectively to assess the impact of climate and climate change on
patterns of distribution and abundance, as well as their effects
on biogeography on local and continental spatial scales, and on
multi-decadal time scales (e.g. Gilman et al., 2006; Wethey, 2002;
Wethey and Woodin, 2008). They can also be used in both short-
and long-term forecasting of thermal stress in the intertidal zone
(Mislan and Wethey, 2011). Organism temperature is important
ecologically because differences in responses to temperature can
alter the dynamics of competition and predation, leading to cas-
cading effects on the rest of an ecosystem (Pincebourde et al., 2008;
Poloczanska et al., 2008; Wethey, 2002). Because coastal habitats
are often comprised of “mosaics” rather than smooth gradients in
thermal stress (Fischer-Piette, 1955; Helmuth et al., 2006a; Mislan
et al., 2009; Berke et al., 2010), tools such as the land surface mod-
els described here are essential for understanding biogeographic
patterns of physiological stress and mortality risk.
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